Tomato is the second most important vegetable crop worldwide and a rich source of industrially interesting antioxidants. Hence, the microwave-assisted extraction of hydrophilic (H) and lipophilic (L) antioxidants from a surplus tomato crop was optimized using response surface methodology. The relevant independent variables were temperature (T), extraction time (t), ethanol concentration ( 
Introduction 44
Tomato (Lycopersicon esculentum Mill.) is the second most important vegetable crop worldwide after potato and is consumed either fresh or in the form of processed products. In 2013, about 164 million of tones were produced in the world, having been registered an increase of 2.6 million of tones over 2012 (FAOSTAT, 2015) . Apart from the large amounts of solid wastes produced by the processing industry, sometimes there is also a surplus production that leads to glut in the market, distress sale and low profit to the growers (Oliveira, 2006; Sashimatsung et al., 2011) . One solution for the problem of this glut may be its sustainable use for the recovery of value-added antioxidant compounds with applications in food, pharmaceutical and cosmeceutical industries. In fact, tomato is a rich source of hydrophilic and lipophilic antioxidants Pinela et al., 2012) . The hydrophilic fraction is constituted mainly by ascorbic acid and soluble phenolic compounds, while the lipophilic fraction contains carotenoids (mostly lycopene), tocopherols, sterols and lipophilic phenolics. Each of these compounds has their own function in the human organism, acting at different locations, but also working conjunctly, having the ability to offer protection against oxidative stress and various degenerative diseases Ferreira, 2013a, 2013b; Friedman, 2013) . Besides, according to some reports, antioxidants belonging to the hydrophilic fraction have a far more significant impact on total antioxidant activity than does antioxidants of the lipophilic fraction (García-Valverde et al., 2013; Kotíková et al., 2011) . The antioxidant activity can be monitored using a large variety of assays, each one based on a specific mechanism of action, including hydrogen atom transfer, single electron transfer, reducing power, and metal chelation, among others (Carocho and Ferreira, 2013a; Shahidi and Zhong, 2015) . For this reason, it is important to understand for the antioxidant activity evaluation of hydrophilic (H) and lipophilic (L) matrices, respectively, and can provide useful information in the study of complex natural extracts containing components with variable degrees of polarity . Both assays are reproducible, especially accurate, and yields a low experimental error .
To recover antioxidants from plant-based products is necessary to follow suitable extraction methods that ensure and preserve its integrity and bioactivity. That's why the industry is looking for more efficient processes based on enhanced innovation capacity.
Among them, microwave-assisted extraction (MAE) has gained significance due to its shortened extraction time, higher extraction rate, reduced solvent consumption and superior product's quality at lower cost (Dahmoune et al., 2015; Gallo et al., 2010) , being one of the dominant trends of the "green chemistry" movement (Michel et al., 2011) . However, the extraction process efficiency depends on some variables and operating conditions (Bhuyan et al., 2015; Dahmoune et al., 2015) , which may not be generalized for all plant materials due to the diverse nature of existing bioactive phytochemicals. Therefore, selection and optimization of variables and operating conditions for the MAE of antioxidants from tomato is necessary.
One-factor-at-a-time approaches are commonly used to optimize extraction processes; but it is well-known that optimal operating conditions or interactions between variables cannot be predicted with this methodology. Both problems may be overcome by employing the response surface methodology (RSM), a powerful statistical tool used to predict the optimum experimental conditions to maximize or minimize various independent variables. Indeed, RSM describes the relationship between independent This study aimed at determining the optimal extraction conditions for H and L antioxidants from a tomato surplus. Four independent variables (temperature, extraction time, ethanol concentration and solid/liquid ratio) were studied and the extraction process was optimized by RSM. The concentration-time response methods of β-carotene and crocin bleaching were applied, which are appropriate for the evaluation of antioxidant properties of L and H fractions, respectively.
Material and methods 104

Equipment and reagents 105
Equipments: Biotage Initiator Microwave (Biotage ® Initiator + , Uppsala, Sweden) using closed high precision glass vials. Multiskan Spectrum Microplate Photometer using 96-well polypropylene microplates.
Reagents: Linoleic acid (CID 5280450); β-Carotene (CID 5280489); Crocin (CID 5281233); 2,2'-Azobis(2-amidinopropane) (AAPH or ABAP, CID 1969) . All other chemicals and solvents were of analytical grade and purchased from common sources.
Water was treated in a Milli-Q water purification system (Millipore, model A10, Billerica, MA, USA).
Plant material 115
A common tomato farmers' variety known as "tomate redondo or batateiro" (round tomato), and widely cultivated in rural communities from Miranda do Douro, Northeastern Portugal, was chosen for this study. Surplus tomatoes at the ripe stage were 119   120   121   122   123   124   125   127   128   129   130   131   132   133   134   135   136   137   138   140   141   142   143 hand-harvested randomly from the middle of six plants, in selected homegardens of two villages in the studied area. The ripening stage was established according to local consumers' criteria based in morphological descriptors such as size, texture, and pericarp colour. Six tomatoes (pericarps without jointed pedicels and seeds) were frozen and lyophilized (Free Zone 4.5, Labconco, Kansas City, MO, USA), reduced to a fine dried powder (20 mesh) using a grinding machine and kept at -20 °C until analysis.
Microwave-assisted extraction of H and L antioxidants 126
The MAE process was performed using a Biotage Initiator Microwave apparatus in closed vials. The dried powdered samples were extracted at different time (t), temperature (T), ethanol concentration (Et) and solid/liquid ratio (S/L) ranging as defined by the RSM design (Fig. 1) . The solvent volume was fixed at 20 mL. During extraction, samples were stirred at 600 rpm using a magnetic stirring bar and irradiated at 200 W. After that, the reaction mixture in the closed vial was quickly cooled in the processing chamber and then centrifuged at 6000 rpm for 10 min. The pellet was discarded and the supernatant was carefully collected, evaporated under reduced pressure to remove the solvent and finally re-suspended in distilled water for further analysis. The dry weight (dw) of the suspended solids in the supernatant of each solution was determined to compute the extraction yield (g extract/g samples).
Determination of the concentration-time dependency of L and H antioxidants 139
β-Carotene (Marco, 1968) and crocin (Bors et al., 1984) methods (βCM and CM, respectively) are widely used to evaluate the antioxidant activity of different matrices.
Both in vitro assays share some analytical similarities as depicted in the next points. 144   145   146   147   148   149   150   151   152   153   154   156   157   158   159   160   161   162   164   165   166 βCM conditions (Prieto et al., 2012) : 2 mg of β-carotene (βC, 1 µM in the final reaction), 0.25 mL of linoleic acid and 2 g of Tween-40 were dissolved in 20 mL of chloroform, vigorously mixed, followed by chloroform evaporation (45 °C/~15 min).
Reaction conditions
To the resulting oily residue were added 300 mL of buffered Mili-Q water (100 mM Briton, pH=6.5) at 45 °C. The absorbance at 470 nm of the prepared reagent was ~1.40.
CM conditions (Prieto et al., 2015) : 4 mg of crocin (Cr, 100 µM in the final reaction) and 75 mg of AAPH (7.68 mM in the final reaction) were dissolved in 30 mL of a 100 mM Briton buffer, pH=5.5, in Mili-Q water. The absorbance at 450 nm of the prepared reagent was ~1.40.
Procedure 155
The procedure was performed by adding 50 µL of sample extract and 250 µL of reagent into the wells (350 µL) of the microplate. The microplate-reader was programmed at intervals of 3, 5 and 10 min (initiation, propagation and asymptotic phases), during a period of 200 min (total of 30 measures). The sample extracts were analyzed kinetically for eight different concentrations obtained by serial dilution (1/1, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64 and the control) in distilled water.
Quantification 163
The area under the curve (AUC) (Eq. 1), computed by any numerical integration method such as the trapezoidal rule, proved to be a highly robust criterion, able to summarize in a single and direct value the global feature of any kinetic profile.
where i is the number of data measured over time t, R i are the responses along an arbitrary time series, and Δt is the interval of each measurement. The AUC of a concentration-response of an antioxidant was normalized against to the AUC obtained with the control, leading to the formulation of the relative area units or protected substrate ( P ) in percentage (Eq. 2), as defined similarly by other authors (Dávalos, 2004; Huang et al., 2002; Naguib, 2000) for antioxidant responses. 0 is the initial substrate in the reaction (for the CM, the substrate is equivalent to 100 µM of Cr, and for the βCM it is equivalent to 1 µM of βC).
The relationship in Eq. (2) establishes that AUC C (control) is also the maximum response achievable; consequently the values obtained were also standardized in percentage. In addition, by normalizing the response, the results obtained are less dependent on the experimental conditions, which, in practice, is one of the common problems when analyzing the efficacy of response factors.
The asymptotic variation of P as function of an antioxidant compound suggests that some radical-generating property of the system can be saturated (Gieseg and Esterbauer, 1994 ; therefore, following their views, the Weibull cumulative distribution function was selected (Weibull and Sweden, 1951 
The parameter P m is the averaged maximum protected substrate, asymptotic value of the response (% µM of βC or Cr), which is specific of each A agent. The parameter V The parameter a is a shape parameter related to the slope that can produce potential profiles (a<1), first order kinetic ones (a=1) and a variety of sigmoidal profiles (a>1).
In addition, the concentration needed to reach 50% of the maximum protective effect 
where IC 50 is the concentration producing the half-maximal response and all other notations remain with the same meaning as above. The RSM family designs are used for modelling and analyzing problems in which a response of interest is influenced by a set of variables. RSM was applied to optimize the MAE process with the purpose of finding the favourable processing conditions that would result in a higher extraction rate of H or L antioxidants. 
Preliminary experiments 219
Preliminary single-factor experiments were conducted in order to select the significant variables and/or collateral factors in extraction process and to determine the preliminary range of the optimum level of each factor for an appropriate experimental RSM design.
In this primary screening trial, the following variables and factors were considered: -Internal independent variables of the microwave equipment: Pressure (1-30 bar), 224 stirring rate (0-1000 rpm), microwave power (0-400 W), temperature (40-300 ºC) and extraction time (no limits).
-Internal factors of the instrument software: Absorption level (very low, low, normal, 227 high, or very high), fixed hold time (if on the time countdown starts when the target temperature or pressure is reached, i.e., the initial time taken to reach the set conditions is not included in the heating time; if off the time countdown starts when the heating starts), cooling (on or off), pre-stirring (during the fixed hold time, if selected; on or off) and vial type (2-5 mL or 10-20 mL).
-External independent variables and factors: Solid/liquid ratio and ethanol 233 concentration. The type of solvent used in the extraction.
Experimental design 236
From the preliminary study, the independent variables X 1 (extraction time, min), (temperature, ºC), X 3 (ethanol concentration, %) and X 4 (solid/liquid ratio, g/L) were selected. Then, the combined effects of these variables on the extraction yield of H and L antioxidant were studied using central composite design as proposed by Box et al. (1957) . In this design, the points of experiments are generated on a sphere around the centre point. The centre point is supposed to be an optimum position for the response and is repeated in order to maximize the prediction precision (Box and Hunter, 2005) .
This design also requires five levels for each factor. The number of repetitions n 0 of the centre point is calculated by the formulas present in Eq. (5) for k factors based on the uniform precision. 
where v n and v c is the natural (n) and coded (c) value in the centre of the experimental domain, v 0 is the initial value and Δv n is the increment of v n for unit of v c . Response surface models were fitted by means of least-squares calculation using the following Box-Behnken equation:
Box-Behnken mathematical model
where Y is the dependent variable (response variable) to be modelled, X i and X j define the independent variables, b 0 is the constant coefficient, b i is the coefficient of linear effect, b ij is the coefficient of interaction effect, b ii the coefficients of quadratic effect and n is the number of variables. As pointed out, three different response formats based in the parametric estimations (P m , V m and IC 50 ) of Eqs. (3) and (4) (Kemmer and Keller, 2010) , which allows a quick testing of a hypotheses and its consequences .
2) Coefficients significance: The determination of the parametric confidence intervals were calculated using the 'SolverAid' (Prikler, 2009) . The model was simplified by dropping terms, which were not statistically significant p-value > 0.05.
3) Model consistency: The Fisher F-test (=0.05) was used to determine whether the constructed models were adequate to describe the observed data (Shi and Tsai, 2002) . was used to evaluate the explanatory power of the variables.
Results and discussion 294
Preliminary study 295
As listed in the material and methods section, the MAE efficiency may be affected by five internal (pressure, stirring rate, microwave power, extraction time, and temperature) and two external (solid/liquid ratio and ethanol concentration) independent variables and five instrument/software factors (absorption level, fixed hold time, vial type, cooling option, and solvent type). Although there are previous research examples (Bhuyan et al., 2015; Dahmoune et al., 2015) , the results are not generalizable for all plant materials due to the diverse nature of existing bioactive phytochemicals. Ethanol has a polar hydroxyl group and dissolves many ionic compounds, but also has a non-polar end, which will contribute to dissolve non-polar substances. In this study, binary interactions of ethanol-water mixtures were selected due to their straight H affinity, but also because ethanol increases the L character of the aqueousethanolic mixture. All the tested ethanol concentrations give rise to significant differences; thus, the range from 0 to 100 % was selected.
-Pressure and temperature were correlated. The selected irradiation power was applied in the early stage of the extraction process to reach the selected temperature/pressure in a short period of time. After that, it was automatically applied in less intensity (estimated by the microwave system) to keep constant the solution temperature/pressure. In consequence, the microwaves power was set at 200 W and the temperature was selected as the main controlled variable, since relevant differences were found within the range 60 to 180 ºC.
-Lower solid/liquid ratios can lead to a more efficient dissolution of constituents, but also to a waste of solvent. At an industrial scale, higher ratios are desirable since it is important to maximize the extraction yield (thus productivity) with a minimal solvent consumption (more sustainable process). Significant differences were found for all tested ratios in this preliminary study, being the range from 5 to 45 g/L selected for RSM analysis. -The cooling option showed relevant effects. It is used at the end of the MAE process to cool the sample. When off, the cooling time of the solution after processing was longer, affecting the extraction of antioxidants. Therefore, it was used on to quickly cool the solution and stop faster the extraction process, making the process more accurate.
-When testing the effects of other factors, such as the absorption level, fixed hold time and vial type, no significant changes were found. Therefore, a normal absorption level and vials of 10-20 mL were selected for further analysis. The fixed hold time was turned off, since the initial time taken to reach the set temperature or pressure was negligible.
Therefore, the RSM experiment was designed based on these preliminary results, using When studying 5 levels of 4 independent variables, the response would imply 625 possible combinations, but using RSM the experiment could be solved in 25 independent combinations and 7 replicates at the centre of the experimental domain.
Concentration-time antioxidant responses for RSM
Several reviews have discussed the numerous in vitro methods developed to evaluate the antioxidant activity of plant extracts and their controversial aspects regarding differences in the generated radicals, variables (mainly pH and temperature), reagents, and quantification procedures (Carocho and Ferreira, 2013a; Frankel and Meyer, 2000; Jiménez-Escrig et al., 2000) . However, when determining the bioactivity of a sample, the final activity response also depends on the degree of polarity of the intermediate reaction components of the applied method. For example, when evaluating the bioactivity of extracts obtained with H and L extraction solvents using the oxidative hemolysis inhibition assay (OxHLIA) (method in which the thermal decomposition of AAPH generates H radicals and the lipid peroxidation of the erythrocytes membranes generates L radicals (Niki et al., 1988) ), no clear conclusions can be made because both H or L antioxidants delay the hemolysis and, therefore, produce an antioxidant response.
To the best of our knowledge only few articles have addressed the H and L intermediate components activity (Arnao et al., 2001; Prieto et al., 2013; Prior et al., 2003) .
Therefore, the lack of selective methods to differentiate the activity of H and L antioxidants is a current issue in the evaluation of antioxidant responses that need to be outlined in the following years. In order to reduce the variability of experimental conditions, allowing meaningful comparisons, and to quantify the power of the antioxidants in function of the degree of polarity, the response models of CM and βCM were selected because they provide a microsystem for H and L oxidation processes, respectively . The βC is an L oxidizable substrate that can join the system of lipid micelles in which the oxidation reaction is accomplished. The method is especially sensitive to antioxidants in a lipidic environment, producing a very low response to H antioxidants, even to powerful ones. In turn, Cr is an H oxidizable substrate and L antioxidants produce very low responses in the reaction system. 
Development of the theoretical response surface models and statistical 395
verification 396 Table 1 shows the results of the parametric fitting coefficients (data presented in Fig. 3 and Fig. 4) 
when the lipophilic βCM was considered: 
where X 1 (extraction time), X 2 (temperature) However, they are useful to predict the results of untested operation conditions (Ranic et al., 2014) . The sign of the effect marks the performance of the response. In this way, when a factor has a positive effect, the response is higher at the high level and when a factor has a negative effect, the response is lower at high level. The higher the absolute value of a coefficient, the more important the weight of the corresponding variable.
Based in the mathematical expressions, it was found that the responses in the L environment were much more complex than those found in the H one.
The statistic lack of fit, used to test the adequacy of the obtained models, demonstrated that no considerable improvement was achieved by the inclusion of the statistically nonsignificant effects (Table 2 ). This was also verified by the high R 2 and R 2 adj values indicating the percentage of variability of each response that is explained by the model (Table 2 ). The distribution of residuals always randomly scattered around zero and grouped data and autocorrelations were not observed. This means that these models are workable and can be applied in the subsequent prediction and optimization stages.
Finally, the analysis of variance (ANOVA) was computed for the regression equations.
The lack of fit was used to verify the adequacy of the model and was not significant (p > 0.05), indicating that Eqs. (12) to (14) adequately fit the experimental data. Table 2 . In general, it can be observed that the H and L antioxidant activity of the tomato extracts have opposite trends for Et and T. In more specific terms, for each criterion it can be concluded that:
Effect of
a) The parameter P m of Eq. (3) shows the maximum specific capability of the 452 antioxidant agent to protect the substrate (% µM of Cr or βC) and, the higher the P m value, the more powerful the protective capability of the antioxidant. In general, we can speculate that the more complex the content in antioxidant molecules in the extract (which act at different H or L oxidation levels), higher the parameter P m .
These types of extracts are usually obtained with longer extraction times. The conditions that favour the H activity of the P m value were at high ranges (↑) of Et and low ranges (↓) of T or, in a much less active manner, at ↓ Et and ↑ T. In contrast, the L activity was found at intermediate ranges (↔) of Et and T, leading to a clear optimum at 50 % Et and 120 ºC. The inversion effect of the polarity-activity relationship proposed by the polar paradox theory is visible in these results (Porter, 1993) . Actually, the speculated effect of the non-polar end of ethanol on the activity of the tomato extracts was not observed; they even showed an improvement of the H antioxidant activity at ↑ Et, while the L antioxidant activity decreased sharply at both ends of Et. Fig. 6, Fig. 7 and Fig. 8, respectively. In addition, a simplified way to present the results in a 2D format for all responses is presented in Fig. S1 of the supplementary material. Eqs. (12) to (14) were used to simulate the surfaces. In each graphical illustration, the top diagonal part presents the response surfaces for L reactions and the bottom diagonal part presents the response surfaces for H reactions. The variables excluded in each 3D graph were positioned at the centre of their experimental domain (t=10 min; T=120 ºC; Et=50 %; and S/L=25 g/L).
In general, the inversion effect of the polarity-activity relationship was observed in almost all responses. The effects accounted between the t, T and S/L variables would describe the conditions that optimize the H and L antioxidant responses of the tomato extracts. However, the variable Et did not perform as theoretically expect. Such fuzziness between the polarity of extraction solvent and the antioxidant activity of the extracts in H and L environments (the so-called polarity-activity relationship) was found interesting enough to be considered. Generally, the extraction ability of solvents can be 511 grouped in three main types: non-polar, polar aprotic and polar protic solvents 512 (Huffman et al., 2012; Kislik, 2012) . The choice of the extracting solvent is the first crucial step towards the optimization of any extraction method (Sultana et al., 2009 ), which has a strong impact on the type of molecules that would be separated. In turn, antioxidants are classified into two broad divisions (Arnao et al., 2001) , depending on 513 514 515 516 whether they are soluble in water (H, such as ascorbic acid) or in lipids (L, such as α-517 tocopherol). When performing an extraction, it is well known that L antioxidant 518 molecules are mostly extracted in non-polar solvents (i.e., n-hexane) and H antioxidant 519 molecules in polar ones (i.e., water), according to the "like dissolves like" principle, as 520 confirmed by several authors that separated effectively the molecular H and L character 521 of molecules by applying different solvent combinations in conjunction with different 522 extraction procedures (Watanabe et al., 2014) . However, based on the achieved results, 523 the separation of extracts according to their molecular polarity character does not 524 guarantee that their polar or non-polar target activity can be separated as well. As stated 525 before , when testing the activity of H and L antioxidant extracts 526 (hexane and methanol solvents, respectively), it was confirmed that H and L antioxidant 527 extracts, normally in a much lesser extent, remain active in the opposite environment. In 528 addition to that complex scenery, there are amphiphilic molecules presenting an affinity with solvents of various polarities (Taresco et al., 2015) . Thus, if their polarity-activity is not totally related with their distribution in the extracting solvents as defined by the polarity index (i.e., dielectric constant), we may be using extracts for L environments (i.e. oils) with a high content in molecules with a H antioxidant activity and vice versa. Nonetheless, it is recognized that antioxidants with a clear H and L character can cause the opposite effect when applied in the opposite environment (i.e., ascorbic acid can initiate lipid oxidation in conjunction with metal cations) (Zhang and Omaye, 2001) . Actually, according to the polar paradox theory (Porter, 1993) , polar antioxidants are more effective in less polar media, while nonpolar or amphiphilic antioxidants tend to be more effective in a media of relatively higher polarity. The higher efficiency of L antioxidants in oil-in-water emulsions would be due to their tendency to concentrate at the interfacial membrane where the oxidation is supposed to occur, while more H antioxidants would tend to segregate into the aqueous phase where they would be much less effective (Frankel et al., 1994) . Our results support this phenomenon.
A possible hypothetical foundation behind the mechanisms that caused this effect could be the microwave absorbing properties of the solvent (Dahmoune et al., 2015) . Polar molecules strongly absorb microwave energy because of the permanent dipole moment, and the degree of absorption increases with the dielectric constant. A simple comparison between water and ethanol shows that ethanol has a lesser ability to obstruct the microwaves as they pass through, but has a greater ability to dissipate the microwave energy into heat. This strong absorption provides an increase of the temperature inside the sample, leading to the rupture of cells by the in situ water. In some cases it can promote the degradation of the target antioxidants and, in other cases, can increase the diffusivity of the target antioxidants in the matrix.
Knowing all that, when describing the antioxidant activity of components of a complex natural extract as a function of the degree of polarity, scientific studies typically involve a first extraction step with solvents with different polarity index, followed by testing their activity by different analytical procedures. However, such a link between polarityactivity cannot be straightforward performed and further analyses are need. In the literature there are few reports addressing the previously mentioned associated issues (Jayasinghe et al., 2013; Li et al., 2015) . However, it would be interesting to perform studies considering the following issues: a) a well-defined group of in vitro methods (9) to (11) for the H reaction and in Eqs. (12) to (14) for the L reaction. By finding the partial derivatives of these regression equations, equating them to zero (Table S1 of the supplementary material) and solving the equations system, the coded values that optimize the response criteria were obtained.
Then, the coded variable values were introduced in the original Eqs. (9)- (14) and the optimal response values were found. Finally, by decoding the coded values, the conditions that maximize the response were transformed into natural values.
The operating conditions that maximize the extraction of the tomato antioxidants and the optimal response values are presented in Table 3, values that did not allowed the set of equations consider unnatural conditions (i.e., lower times than 0). Additionally, optimal extraction conditions for both H and L antioxidants based on all the response criteria were determined (i.e., t, 12.1 min; T, 122.3 ºC; Et, 100 %; and S/L, 27.2 g/L), which allow to obtain the maximum extraction yield of both antioxidants simultaneously.
Conclusions 605
Optimal MAE conditions for H and L antioxidants from a surplus tomato crop were determined in this study. A five-level full factorial Box-Behnken design was successfully implemented and RSM used for analysis. The independent variables of t, T, Et and S/L had significant effects on MAE. To predict the optimal extraction conditions, a second-order polynomial model assuming interactive effects was fitted to each response and the regression coefficients were determined using the least-squares method. Optimal MAE conditions for H, L and both antioxidants were determined based on the parametric response criteria P m , V m and IC 50 . Overall, MAE proved to be a powerful and efficient innovative methodology to extract the tomato antioxidants. In Table 1 . Table 1 . Table 2 . Table 2 . Table 2 . Table 2 . 
